The paradox of sex, despite decades of attention, remains unresolved. Recent efforts to gain insight into the nature of the mechanisms underlying the maintenance of sex have led to an emphasis on a pluralist approach, with a particular focus on interaction between multiple mechanisms. However, few empirical tests of pluralist models exist, perhaps due to the widely held assumption that major complications inevitably accompany such tests. Here, we address this issue by providing an overview of how testing of a pluralist idea for the maintenance of sex could be achieved. We also suggest a more specific methodology designed to test for interactive effects between Muller's ratchet and Red Queen dynamics, two models that are widely seen as providing potentially general explanations for the maintenance of sex.
INTRODUCTION
Why sexual reproduction is so widespread in nature despite inherent disadvantages such as the production of males and the disruption of coadapted gene complexes remains one of evolutionary biology's most puzzling enigmas (Maynard Smith, 1978; Bell, 1982) . A remarkable feature of the discussion around the maintenance of sex and recombination is the vast number of theoretical ideas that have received attention (Kondrashov, 1993) . The failure to date of any of these hypotheses to provide a general explanation for sex has resulted in a recent shift in focus away from discrimination between mechanistically simple hypotheses towards more complex approaches (West, Lively & Read, 1999) . West et al . (1999) argued that mechanisms previously assumed to stand alone may in fact act simultaneously or even interact. They advocated an approach directed at parameter estimation and testing of model assumptions and specifically argued against the development and application of discriminatory predictions. Although the majority of the biologists responding to these ideas welcomed this proposal of pluralism, others contended that the relevant parameters will be immensely difficult to estimate and interpret (Brookfield, 1999; Falush, 1999) . In general, serious concerns remain as to whether models incorporating several mechanisms are actually testable, and if so, how to proceed (accompanying commentaries to West et al. (1999) , same issue of J. Evol. Biol. ; Lively, 2001) .
The purpose of the present study is to provide a starting point for the empirical evaluation of pluralist explanations for sex. To this end, we begin by discussing possibilities for derivation of particular hypotheses from the more general pluralist approach by West et al . (1999) , followed by an overview of relevant methodologies for testing such 'pluralist' hypotheses. Throughout, we draw on previous research into the maintenance of sex as well as studies from other areas of evolutionary biology and ecology. Next, we describe a novel test methodology designed for evaluating interaction between Muller's ratchet and the Red Queen. Finally, we discuss the applicability of the proposed and reviewed strategies and methodologies.
DERIVATION OF PLURALIST HYPOTHESES FOR THE MAINTENANCE OF SEX
Our point of departure is the seminal paper by West et al . (1999) ; as outlined below, the authors provided a general pluralist framework for evaluating the occurrence and interaction of mechanisms contributing to the maintenance of sex across species. More specifically, they suggested that: (1) different mechanisms may act simultaneously in a species to maintain sex; (2) the relative importance of these mechanisms may differ between species; (3) mechanisms may act synergistically in a number of ways; and (4) different mechanisms may work at different levels within species.
In practice, one usually tests for the occurrence and action of mechanisms with the aid of specific hypotheses. In evolutionary biology, these hypotheses are often expressed in mathematical models and simulations that help elucidate relationships between evolutionary factors or mechanisms. This process might be particularly important for pluralist explanations, where interactions between mechanisms might lead to unexpected results (Hilborn & Stearns, 1982) . For our purposes, we will refer to hypotheses and models incorporating several previously stand-alone mechanisms for the maintenance of sex as 'pluralist' hypotheses and models. In connection with empirical testing, it is important to consider that there is an inherent trade-off between model complexity and model tractability. It may thus be more productive to begin with the construction and validation of a pluralist model combining a few theoretically and empirically wellcharacterized mechanisms.
Several recent studies have theoretically explored the interaction between potentially important mechanisms and factors for the maintenance of sex, incorporating elements such as mutation accumulation, parasite pressure, mate choice, and structured populations (Howard & Lively, 1994 , 1998 Agrawal & Chasnov, 2001; Siller, 2001 ; for a review, see also Rice, 2002) . However, empirical evidence for or against even the simpler models is rare, possibly due to a lack of suitable model systems (Jokela et al ., 2003) . Given the relative scarcity of empirical data and the abovementioned problems of model tractability, it is premature and perhaps even impossible to construct and validate a model incorporating all 20 + mechanisms identified by Kondrashov (1993) for the maintenance of sex. Along these lines, West et al . (1999) suggested that empirical attention be directed towards exploring simultaneous occurrence and interactions between mutation accumulation and Red Queen dynamics. This reasoning derives from the body of empirical evidence indicating that key elements of both processes do occur in at least some natural populations (Dybdahl & Lively, 1998; Normark & Moran, 2000) and the availability of theoretical models and computer simulations demonstrating that interaction of the Red Queen with mutational mechanisms could aid in the maintenance of sex (Howard & Lively, 1994 , 1998 .
METHODOLOGIES FOR TESTING PLURALIST HYPOTHESES FOR THE MAINTENANCE OF SEX
A wide variety of test methodologies are commonly employed in ecology and evolutionary biology (Lloyd, 1988; Brandon, 1997) . For our purposes, we identified four basic types of methodologies for hypothesis and model testing, which we outline in detail below.
M ANIPULATIVE TESTING
Manipulative testing is an experimental design that tests multiple-factor hypotheses by controlling for the factors of interest and their interactions (Hilborn & Stearns, 1982) . For our purposes, the 'factors' are relatively complex mechanisms for sex. Given the aforementioned trade-off between model tractability and complexity, it is likely that a manipulative approach to test pluralist models for the maintenance of sex will necessarily be more indirect than the experimental designs used to test, for example, life-history theory. Thus, to use manipulative testing to evaluate pluralist models for sex, one must first identify key features of the focal mechanisms and then manipulate these features in a way that enables the evaluation of individual operation as well as interaction between the focal mechanisms. Several studies have used this type of insight to enable experimental manipulation of key features of mechanisms to address the maintenance of sex (Antonovics & Ellstrand, 1984 , Ellstrand & Antonovics, 1985 Zeyl & Bell, 1997 ; for a review, see also Rice, 2002) . For example, Antonovics and Ellstrand used an experimental design that enabled them to determine whether frequency effects (Red Queen models: Jaenike, 1978; Hamilton, 1980) , density effects (sibcompetition models: Ghiselin, 1974; Bell, 1982) , or both mitigate the cost of sex in sweet vernal grass ( Anthoxantum odoratum L.). By comparing the fitness of individuals with identical genotypes planted in low and high relative frequencies, Antonovics & Ellstrand (1984) showed that rare asexual genotypes had higher fitness than common asexual genotypes. In a follow-up experiment, Ellstrand & Antonovics (1985) manipulated density among more and less genetically diverse A. odoratum populations and found that neither density-dependent mechanisms acting alone, nor in interaction with frequency-dependent selection, affected fitness in A. odoratum.
Manipulative tests of pluralist hypotheses and models relevant to the maintenance of sex will typically involve natural systems represented by both sexual and asexual forms (e.g. some aphids, ostracods, dandelions, and snails), or those varying in aspects considered important to sex, such as recombination rates or genetic diversity. Moreover, experimental manipulation of key features of more-slowly acting mechanisms, such as mutation accumulation, will usually require the use of either organisms with relatively short generation times or mutagenized individuals.
C OMPARATIVE APPROACH
Comparative approaches (so-called 'natural experiments') estimate the quality and/or quantity of focal factors of potential relevance to the phenomenon in question across a variety of populations or species (Brandon, 1997) . Detection of clines or otherwise predictable variation in these factors is interpreted in terms of hypothetical cause-effect relationships between the factor(s) and the phenomenon. It should be possible to formulate predictions that are based on key features inherent to the mechanisms in a similar manner as outlined for the manipulative approach.
Those predictions could then be tested in nature by a comparative approach.
To the best of our knowledge, existing comparative studies of the maintenance of sex have not employed experimental designs that allow investigation into whether the focal mechanisms interact. Most of these studies (e.g. conducted with mammals and snails) have instead been based around predictions formulated in a manner so that support for one mechanism meant rejection of the other (Burt & Bell, 1987; Lively, 1987) . However, it is possible to use a comparative approach to test for the simultaneous action or interaction of mechanisms, as demonstrated by the detailed example below.
As for manipulative approaches, comparative tests for mechanisms maintaining sex require model systems represented by both sexual and asexual strategies or by variation in features considered important to sex (such as recombination rate or genetic diversity). An advantage of comparative tests is that they allow testing of longer-term models for sex with organisms that exhibit relatively long generation times. Productive application of comparative testing of pluralist hypotheses for sex is facilitated by the use of study systems in which empirical evidence already points towards the maintenance of sex via several mechanisms. Examples of such organisms include aphids (Simon, Rispe & Sunnucks, 2002) and Potamopyrgus antipodarum , a New Zealand snail (Jokela et al ., 2003) .
P ARAMETER ESTIMATIONS OF MODELS
Another ubiquitous methodology for the evaluation of evolutionary models is the estimation of key quantitative parameters. In general, parameter estimation does not strictly provide a type of hypothesis-testing in itself (Brandon, 1997 ) unless connected to quantitative predictions of the model outcome. Usually, a 'critical value' is determined for relevant parameters, such as the one/genome/generation mutation rate that theory suggests is required to maintain sex under deterministic mutation accumulation (Kondrashov, 1982) . With respect to pluralist models, it is important to note that combinations of previously stand-alone mechanisms may change the critical values for parameters found in simpler models, and often in a manner that could facilitate the maintenance of sex (Howard & Lively, 1994 , 1998 . However, testing pluralist hypotheses and models generally requires that one tests more parameters than when testing simpler hypotheses and models.
The only example of empirical research that uses parameter estimation in connection with a pluralist approach of which we are aware can be found in West et al . (1999) . They used the estimate of Kelley, Antonovics & Schmitt (1988) and Kelley (1993) of the relative fitness advantage experienced by sexual vs. asexual A. odoratum under pathogen-mediated negative frequency-dependent selection to determine the deleterious mutation rate required to maintain sex under a combination of parasite pressure and deterministic mutation accumulation. West et al . (1999) found that a U of only 0.51 (i.e. one half that required under deterministic mutation accumulation alone and well-within the range of U calculated for many plant populations) could maintain sex in this species. This example demonstrates that although testing all relevant parameters simultaneously may at times be difficult, important insights can be gained by combining parameter estimates determined for different taxa. Parameter estimation relevant to the maintenance of sex has been conducted in many organisms, from calculation of rates of deleterious mutation accumulation in mammals, birds, and insects (Keightley & EyreWalker, 2000) and annual angiosperms (Johnston & Schoen, 1995) to estimates of parasite virulence in plants (for a review, see Clay & Kover, 1996) .
M ODEL ASSUMPTIONS
Confirmation (or rejection) of models can also be achieved by determining whether key model assump-tions are met in nature (Lloyd, 1988) . Two prominent and relevant examples of this type of testing are the evaluation of the nature and degree of synergism among deleterious mutations pertaining to the mutational deterministic model (Elena & Lenski, 1997; Cooper, Lenski & Elena, 2005 ) and efforts to determine the nature of genetic architecture of disease resistance with regard to the ability of parasite pressure to favour sex (Kover & Caicedo, 2001) .
The combination of previous stand-alone models into pluralist models will result in one of the following four scenarios with regard to the new assumption set:
(1) addition of previous assumptions, which would require that one tests for all assumptions of the different mechanisms when testing for pluralist models; (2) complete overlap of assumptions, meaning that the combined mechanisms would have the same assumptions; (3) relaxed assumptions, meaning that the assumptions of the pluralist model are easier to meet than the assumptions of the stand-alone models; and (4), some or all model assumptions are mutually exclusive when considered together. This last case would imply that one or more of the stand-alone models are partially or wholly wrong, and would ultimately require appropriate reformulation of theory after determining whether the (any) assumptions can be empirically validated.
An example of relaxation of assumptions following combination of mechanisms is a model suggested by Howard & Lively (1994) , which incorporates synergism between Red Queen (Jaenike, 1978; Hamilton, 1980 ) and Muller's ratchet (Muller, 1964) . In this case, the assumptions of the pluralistic model were more in line with current empirical evidence than the assumptions required by either model alone (Howard & Lively, 1998) .
TESTING THE INTERACTIVE MODEL OF MULLER'S RATCHET AND RED QUEEN
Here, we suggest an approach for testing a potentially general model for the maintenance of sex; the interactive model of deleterious mutations and host-parasite dynamics that we mentioned above (Howard & Lively, 1994; West et al ., 1999) . The major strength of this model is that the combination of parasite pressure and mutation accumulation can interact to maintain sex under potentially more realistic conditions of lower mutation rate and less virulent parasitism than either mechanism acting alone (Jokela et al ., 2003) . Additional justification for our focus on this model comes from a recent experiment finding that the effects of deleterious mutations were exacerbated by parasitism, providing empirical support for the theoretical possibility that these two phenomena can interact in a biologically meaningful manner (Cooper et al ., 2005) .
Our proposal is novel in the sense that it allows tests of pluralist models within a comparative approach. As outlined above, comparative approaches in connection with pluralist models require first an understanding of key model features, enabling one to then formulate predictions of clines or other relationships that can be tested in nature.
K EY MODEL FEATURES
As described in detail by Howard & Lively (1994 , 1998 and West et al . (1999) , key features of the dynamics in the interactive model are: (1) asexual lineages are driven to low frequency by virulent, coevolving parasitism; (2) the parasitically bottlenecked lineages experience greater genetic drift (under the assumption that low frequency = relatively low N e ) and accumulate deleterious mutations at an accelerated rate relative to unbottlenecked lineages; and (3), repeatedly bottlenecked asexual lineages are driven extinct quickly (relative to mutation pressure alone) by their rapidly increasing mutational load (Fig. 1) .
P REDICTIONS OF THE MODEL
Under the interactive model, asexual lineages from populations with high frequencies of infection should, relative to asexual lineages from less infected populations, be characterized by: (1) more deleterious mutations relative to the sexual progenitor lineage and (2) more recent derivation from the sexual progenitor lineage (Fig. 2) . Note that the predicted relationships between infection frequency and asexual lineage mutational load and age, respectively, do not have to be linear. The predicted relationships are unique to the interaction model because neither Muller's ratchet nor the Red Queen acting alone are likely to result in strongly positive or negative relationships between the frequency of infection and sequence characteristics.
An essential element of the proposed test is that it addresses the relationship of infection frequency to both asexual lineage age and asexual mutational load. For example, a test that only considered the relationship between infection and asexual lineage age and detected a negative correlation between these two variables is ultimately inconclusive. This is because this result could just as plausibly point to a loss of asexual lineages through the increased likelihood of the extinction of asexual lineages existing at low absolute frequency due to recent, intense, coevolving parasitism as it could to asexual extinction actually caused by interaction between Muller's ratchet and the Red Queen. However, Red Queen dynamics alone would not explain the simultaneous detection of an increased frequency of deleterious mutations in the asexual lineages from highly-infected populations. Analogously, although Muller's ratchet will ultimately result in lineage extinction (Howard & Lively, 1994) , its solo operation is not predicted to result in correlations between parasite infection and lineage age and the relative frequency of deleterious mutations, respectively, if mutation accumulation is not related to the bottlenecking caused by parasitism. Furthermore, relaxed selection that is caused by factors other than severe parasitically-induced bottlenecking could also result in increased mutation accumulation, emphasizing the necessity of simultaneously testing for a correlation between infection and asexual age.
E STIMATION METHODS
Asexual lineage age and the frequency of deleterious mutations can be estimated by evaluating the degree of DNA sequence divergence of an asexual lineage from the most recent sexual ancestor. We will focus on mitochondrial sequence (mtDNA) data because it is considered to be the most appropriate genetic marker of intraspecific phylogenetic relationships due to its rapid rate of evolution and because of the likelihood that it is transmitted largely without recombination (Avise, 2004: 70-78 ; but see also Ballard & Whitlock, 2004) . Another useful strategy, however, might be to study regions of the nuclear genome that may play a key role in determining asexual lineage longevity (Loxdale & Lushai, 2003) .
The basic elements of the method are well-established and widely used. We draw from theoretical and empirical insights into the nature of sequence evolution and the operation of drift and selection to make specific predictions about the patterns of sequence evolution expected at nucleotide sites where point mutations will result in amino acid change (nonsynonymous mutations) and at sites where point mutation does not change protein structure (synonymous mutations). As we discuss in more detail below, these patterns can be used to evaluate the balance between drift and selection as well as to specifically estimate asexual lineage mutational load and age (Fig. 3) .
Synonymous mutations are generally assumed to be invisible to selection, and are thus expected to accumulate by drift, while the usually deleterious nonsynonymous mutations (Nachman, 1998) are subject to both selection and drift. The action of selection and drift, and ultimately, sequence evolution at nonsynonymous sites, depends upon the effective population size ( N e ) of a population: If s < 1/2 N e , the fate of the mutation will be controlled by drift rather than by selection (Kimura, 1983; Ohta, 1995) . Thus, smaller populations will be more subject to retention of slightly deleterious mutations than large populations (Woolfit, 2005) .
Asexual lineage age can be determined through the estimation of synonymous mitochondrial sequence divergence from the most closely related sexual lineage, under the assumption that the synonymous mutation rate is relatively constant (Kimura, 1968; Ohta, 1992) . Regardless of the gene or genomic region that is ultimately used to estimate asexual lineage age, it is important that enough individuals are sampled to minimize the risk of overestimating asexual divergence time by leaving the true progenitor haplotypes unsampled, as well as to fulfil the more obvious requirement of sampling enough individuals to ensure a good estimate of asexual genetic diversity (Little & Hebert, 1996) . It is also important to rule out a role for hybridization in creating divergent asexual haplotypes (Delmotte et al ., 2003) .
Because nonsynonymous mutations are usually deleterious and thus subject to removal by natural selection, and because the probability of selective removal is dependent on population size, it is possible to use mutational load as a measure of the historical effectiveness of natural selection and an indicator of recent bottlenecking. More specifically, the probability of fixation of nonsynonymous mutations is expected to increase as N e decreases and the effectiveness of selection against deleterious mutations becomes weakened (Kimura, 1983; Ohta, 1995) . Thus, deleterious mutations that would be removed by selection when populations are large may become fixed when populations are bottlenecked. This means that the nonsynonymous/synonymous mutation ratio can be used as a measure of the intensity of purifying selection (Ohta, 1995; Zhang, Dyer & Rosenberg, 2000) and, in our case, provides an estimate of mutation accumulation due to different degrees of bottlenecking in asexual lineages.
It is important to note that tests should be limited to lineages with a nonsynonymous : synonymous ratio between zero and one to minimize the possibility of confusing the effects of positive selection, which is predicted to result in a nonsynonymous : synonymous ratio exceeding one, with drift-catalysed mutation accumulation (Tajima, 1989; Ohta, 1992) . The prediction that the nonsynonymous : synonymous ratio will increase towards a limit of one following bottlenecking has been confirmed in studies of naturally bottlenecked sexual (DeSalle & Templeton, 1988; Woolfit, 2005) and asexual (Normark & Moran, 2000) populations. Although we are focusing our test on coding regions, it is certainly also possible to estimate the deleterious effects of mutational divergence in noncoding regions (e.g. instability of tRNA and rRNA structures; Lynch, 1996; Lambert & Moran, 1998) .
Mechanisms affecting asexual lineage evolution and duration

DISCUSSION
We have reviewed empirical approaches to pluralist hypotheses and identified four basic types of test methodologies: manipulative testing, comparative approach, parameter estimation, and the testing of model assumptions. Furthermore, we presented a specific methodology for testing a particular pluralist model to sex, based around interaction between the Red Queen and Muller's ratchet (Howard & Lively, 1994) . This particular interactive model has been identified by West et al . (1999) as one of potential broad applicability as well as a promising candidate for empirical forays into the pluralist idea for the maintenance of sex. This idea gains some support from a review by O'Brien & Evermann (1988) concluding that many species and populations repeatedly experience parasite-induced bottlenecks, with detectable genetic consequences, and from the empirical work presented by Cooper et al . (2005) . However, more direct evidence for the importance of this interactive model and its key mechanisms are clearly needed.
Our analysis of different methodologies has shown that there are likely to be several ways to evaluate the applicability of the interactive model incorporating Red Queen and Muller's ratchet. The approaches of parameter estimation and testing of model assumptions have quantitative virtues and were recommended by West et al . (1999) . However, we believe that these methodologies do not enable a clear identification of the synergism inherent to the interactive model. The qualitative test of the occurrence of synergism between Muller's ratchet and Red Queen dynamics presented here focuses instead on discriminatory predictions and could as such provide important insights. Indeed, we believe that we have shown that informative testing of an interactive model may result from qualitative reasoning based on a thorough understanding of essential model dynamics.
The particular test presented may be seen as an instance of the comparative approach, but the predictions of the interaction model could also be tested with manipulative methods. For example, one could construct an experiment where the treatments differ in frequency of parasitic infection or in the severity of bottlenecking and are subsequently evaluated with regard to mutational load. In general, it may also be useful to employ mixed methodologies if doing so facilitates efficient testing (Brandon, 1997) .
In the 1999 discussion of the utility and empirical evaluation of a pluralist approach for the maintenance of sex (West et al. (1999) and accompanying commentaries), many researchers emphasized the need for 'rigorous testing.' One might ask if the reviewed and suggested methodologies offer such rigour, and indeed what 'rigour' would imply in this context. In science in general, rigour would often refer to the ideal of perfect control of all relevant background factors; typically employing laboratory experiments under idealized conditions. However, most evolutionary ecologists know that the controlled environment of a laboratory might not reflect biological reality (Brandon, 1997) . Thus, laboratory experiments may ultimately provide little insight into the mechanisms underlying complex phenomena when these phenomena are affected by many factors in nature. These considerations are relevant to empirical evaluation of models for the maintenance of sex, which, as emphasized by Otto & Lenormand (2002) , are very sensitive to the incorporation of additional factors and mechanisms.
This also leads us to the conclusion that 'hypothesis testing' in the strict sense is only one aspect of good science because the boundaries of the focal experimental or natural system are defined by the specific hypotheses and models that are being tested. Unfortunately, this means that identification and exploration of important factors or mechanisms contributing to the phenomenon in question could be neglected (Chu, Strand & Fjelland, 2003) . Detection and identification of potentially important factors and mechanisms could be achieved through field studies, particularly comparative research (Rudge, 1999 (Rudge, , 2000 . Neglected factors may also reveal themselves in connection with parameter estimation and testing of model assumptions if the relevant data are found not to meet theoretical demands of critical values or violate key assumptions. In that sense, these three methodologies are important because they can inform theory, even though they may not equal manipulative testing when it comes to the elucidation of causal relationships.
Apart from testing methodologies, the value of pure 'exploratory research', the search for unexpected patterns and signals, may often be underappreciated (Burian, 1996) . Pure theoretical exploration through models and simulations is also valuable because it can lead to nonintuitive insights (Hilborn & Stearns, 1982) and, as noted above, to changes of critical values and model assumptions in connection with testing of pluralist models. Ultimately, empirical research and theory inform each other to build current states of knowledge (Mitchell, 2002) .
In that sense, the strengths and weaknesses of the four testing methodologies described above are com-plementary. One may thus also equate rigour with the establishment of multiple independent lines of evidence in support of particular models (Lloyd, 1988) . A great deal of highly regarded empirical research in evolutionary biology consists of a series of tests, often using different methodologies and conducted over considerable time, as in the case of Antonovics' and coworkers' studies utilizing sweet vernal grass to gain insight into the maintenance of sex (Antonovics & Ellstrand, 1984; Ellstrand & Antonovics, 1985; Schmitt & Antonovics, 1986a, b; Kelley et al ., 1988; Kelley, 1989a, b) . Obviously, early inference on newer, more complex relationships are then bound to be 'imprecise' (Complex Trait Consortium, 2003) .
We conclude by noting that choices of validation are context-dependent. Accordingly, it is difficult and perhaps inappropriate to prescribe any general test methodology for a pluralist approach. However, we contend that the evaluation of pluralist explanations for the maintenance of sex and recombination should not be hindered by the perceived difficulties of 'rigorous testing' because this might simply reflect the fact that current tests would necessarily be early inferences into a more complex understanding of the maintenance of sex.
